Modifications to the Gram-positive bacterial cell wall play important roles in antibiotic resistance and pathogenesis, but the pathway for the D-alanylation of teichoic acids (DLT pathway), a ubiquitous modification, is poorly understood. The D-alanylation machinery includes two membrane proteins of unclear function, DltB and DltD, which are somehow involved in transfer of D-alanine from a carrier protein inside the cell to teichoic acids on the cell surface. Here, we probed the role of DltD in the human pathogen Staphylococcus aureus using both cell-based and biochemical assays. We first exploited a known synthetic lethal interaction to establish the essentiality of each gene in the DLT pathway for D-alanylation of lipoteichoic acid (LTA) and confirmed this by directly detecting radiolabeled D-Ala-LTA both in cells and in vesicles prepared from mutant strains of S. aureus. We developed a partial reconstitution of the pathway by using cell-derived vesicles containing DltB, but no other components of the D-alanylation pathway, and showed that D-alanylation of previously formed lipoteichoic acid in the DltB vesicles requires the presence of purified and reconstituted DltA, DltC, and DltD, but not of the LTA synthase LtaS. Finally, based on the activity of DltD mutants in cells and in our reconstituted system, we determined that Ser-70 and His-361 are essential for D-alanylation activity, and we propose that DltD uses a catalytic dyad to transfer D-alanine to LTA. In summary, we have developed a suite of assays for investigating the bacterial DLT pathway and uncovered a role for DltD in LTA D-alanylation.
Teichoic acids are found in the cell wall of almost all Grampositive bacteria, and many pathogens from this group rely on these polymers to colonize and resist the defenses of their host (1) . Two types of teichoic acids, lipoteichoic acid and wall teichoic acid, are made in these bacteria. In most organisms, the membrane-anchored lipoteichoic acid (LTA) 3 is synthesized outside the cell on a membrane anchor through a separate pathway from wall teichoic acid (WTA) (2) . WTA is synthesized inside the cell on the undecaprenyl carrier lipid before it is flipped outside and transferred to peptidoglycan (3) . Both of these polymers are modified with positively charged D-alanine residues outside the cell through a process that depends on the D-alanyl lipoteichoic acid (DLT) pathway (4) . The D-alanine modification of lipoteichoic acid is ubiquitous among Grampositive bacteria, which include the human pathogens Streptococcus pneumoniae (5) , Enterococcus faecalis (6, 7) , and Staphylococcus aureus (8 -11) . This modification modulates cell surface electrostatics as measured by cell-surface affinity for cytochrome c (12) (13) (14) (15) (16) and whole-cell electrophoretic mobility (17) . Fluorescence polarization with S. aureus cells also showed an impact of D-alanylation on cell membrane fluidity (14) . The change in charge of the cell wall from neutralization of polyanionic teichoic acids influences many cellular growth and homeostasis properties, including autolysis regulation (13, 18 -23) , growth at low pH (8, 10, 13, (22) (23) (24) (25) , metal ion binding (8, 26, 27) , protein secretion (28) , bacterial coaggregation (29) , and biofilm formation (6, 23, 30) . Furthermore, the D-alanine modification is important for pathogenesis, providing resistance to cationic antimicrobial peptides as well as antibacterial proteins induced during infection (12, 31, 32) (Table S1 ). S. aureus evasion from human neutrophils and colonization and virulence in mouse models were dependent on the D-alanine modification (30, 31) . In an effort to stem the tide of antibiotic-resistant S. aureus infections, the DLT pathway has been suggested as a target for small molecule inhibitors, and some have already been identified (33, 34) .
Lipoteichoic and wall teichoic acids become D-alanylated through a poorly understood process that depends on the dlt operon. LTA D-alanylation occurs first, and D-alanines are subsequently transferred to WTA (35, 36) . The dlt operon encodes a set of proteins that activate D-alanine as a thioester in the cytoplasm before moving the D-alanine across the plasma membrane and onto teichoic acids (4, 36 -39) . Four genes constitute the core dlt operon, dltABCD, of which only two, dltA and dltC, have clearly defined functions (12, (37) (38) (39) . DltA resembles adenylation domains found in nonribosomal peptide synthetases (40 -43) , and it has been shown that DltA transfers D-alanine in an ATP-dependent manner to DltC, a peptidyl carrier protein (38, 39, 44 -47) . Peptidyl carrier proteins are post-translationally modified with 4Ј-phosphopantetheine on a conserved serine residue (48) , and the associated thiol functionality allows them to carry acyl groups via a labile thioester bond (49) and deliver their acyl groups to specific enzymes. DltC is proposed to present its D-alanyl thioester cargo to the putative acyltransferase DltB (see Fig. 1 ) (36, 38) .
DltB is likely responsible for moving D-alanine across the plasma membrane (36, 39) . DltB is a polytopic membrane protein containing multiple transmembrane helices. It belongs to a superfamily of membrane-bound O-acyltransferases (MBOATs) (50) . MBOAT members have been shown to play roles in lipid (51) and sterol (52) biosynthesis and in acylation of peptides important for intracellular signaling, such as hedgehog, Wnt, and ghrelin (53) . Ghrelin O-acyltransferase (GOAT), the best understood of the MBOATs, acts in the biosynthesis of ghrelin, a hormone that increases appetite (54) . GOAT modifies proghrelin, a 28-amino-acid prohormone, on Ser-3 with an octanoyl group that is thought to come from octanoyl-CoA (55) . In this reaction, the octanoyl-CoA, which is synthesized in the cytoplasm, is proposed to bind in the membrane-embedded active site of GOAT, and the peptide substrate, which is in the endoplasmic reticulum lumen, is proposed to enter the active site from the opposite side of the membrane (56) . All known MBOATs are thought to use hydrophobic substrates as the acyl donor, the acyl acceptor, or both (50) . Analogously, DltB may catalyze formation of a D-alanyl-lipid as an intermediate in the pathway (see Fig. 1 ). Indeed, DltB has been proposed to transfer D-alanine from the carrier protein to undecaprenyl phosphate, the carrier lipid for the biosynthesis of peptidoglycan and wall teichoic acid precursors (36, 39) . Although this proposed intermediate has not yet been detected, an alternative intermediate, D-alanylated phosphatidylglycerol, has been identified in lipid extracts from Bacillus subtilis (57) .
DltD is a single-pass membrane protein for which several functions have been proposed. These include hydrolyzing misacylated D-Ala-ACP (58) , activating DltA catalysis (58) , and transferring D-alanine from the undecaprenyl phosphate carrier lipid to teichoic acids outside the cell (38) . Recent work showing that DltD is oriented outside the cell excludes a role for DltD in proofreading or activation of DltA (36), suggesting another function in the pathway.
In this report, we describe a new series of assays useful for addressing many questions that remain in the study of the DLT pathway. After establishing the essentiality of all four proteins in the pathway for LTA D-alanylation, we address the role of the last protein in the pathway, DltD. Based on active-site features required for DltD's function, we propose that it forms a covalent intermediate with D-Ala transferred from the acylated product of DltB, which may be a D-Ala-lipid or DltD itself; LTA then serves as the acyl acceptor for subsequent transfer of the D-Ala (Fig. 1 ).
Results

dltABCD constitutes the minimal dlt operon
We first used RT-PCR and bioinformatics to address which genes are part of the dlt operon in S. aureus and of those which are conserved in other Gram-positive bacteria. Upstream or downstream of the four recognized dlt genes are often found either a dltE or dltX gene, whose functions are unknown. In S. aureus, the DUF3687 family member, dltX, is positioned 16 bp upstream of dltA. dltX is itself preceded by a 50-bp predicted ORF with no obvious homologs, SAOUHSC_00867 ( Fig. S1A ). Using reverse transcription-PCR with primers spanning dltX-dltA and SAOUHSC_00867-dltX, we found that both of these ORFs are cotranscribed with the dltABCD operon ( Fig. S1B ).
Although dltX was previously identified as being part of the operon and has been linked to DLT function in Bacillus thuringiensis (17, 27) , these results identify an additional small ORF in the S. aureus dlt operon. It is unknown whether these ORFs encode peptides. We performed a genome-neighborhood network analysis (59) to determine the frequency with which any genes co-occur near dltABCD using dltD as the query (http:// efi.igb.illinois.edu/efi-gnt/). 4 This analysis revealed that dltX is present in fewer than 60% of dltD-encoding organisms; dltE is more common but is not found universally ( Fig. S1C ). These small genes may encode regulatory factors, but the minimal conserved operon comprises only dltABCD. Following this analysis, we focused on the core components only.
dltABCD are each essential when wall teichoic acid biosynthesis is blocked
The DLT pathway becomes essential when WTA biosynthesis is prevented (60) , which enabled us to use a synthetic lethal approach to evaluate the importance of each dlt gene for survival. Tunicamycin potently inhibits the first enzyme in the wall teichoic acid biosynthetic pathway, TarO, and can be used in agar plates to probe essentiality of genes when wall teichoic acids are depleted ( Fig. 2A ) (60 -62) . We previously reported that null mutants of dltA and dltD were nonviable in the absence of wall teichoic acids. Here, we tested all deletion mutants in DLT pathway genes on plates containing tunicamycin (Fig. 2B ). The WT strain was unaffected by tunicamycin, Figure 1 . Model for teichoic acid D-alanylation by the DLT pathway. DltAcatalyzed DltC D-alanylation takes place in the cytoplasm at the expense of ATP. What happens to the thioesterified D-Ala-DltC is unclear, but the two predicted membrane-bound acyltransferases, DltB and DltD, are involved in the migration of the D-alanyl moiety across the membrane and onto lipoteichoic acid and wall teichoic acid. Lipoteichoic acid is a poly(glycerol phosphate) polymer that is biosynthesized on a diglucosyl diacylglycerol lipid anchor outside the cell by LtaS.
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whereas the dltA-, dltB-, dltC-, and dltD-null mutants all failed to grow on tunicamycin plates even though LTA production was robust ( Fig. S2 ). Complementation with a plasmid expressing the dlt operon restored growth of each mutant on tunicamycin ( Fig. 2B ). Polar effects on transcription of dltC were excluded in control experiments (Fig. S3 ), and the requirement for functional DltB was independently confirmed using a smallmolecule inhibitor (33) . Thus, all four genes in the conserved dltABCD operon are necessary for survival in S. aureus when WTAs are not produced.
dltABCD are necessary for D-[ 14 C]alanine labeling of LTA in whole cells
The likely explanation for the tunicamycin sensitivity of dlt pathway mutants is that LTA D-alanylation is abolished. To confirm this, we extracted LTA from WT and mutant strains treated with D-[ 14 C]alanine (33) . We observed a complete lack of D-alanylated LTA in the DLT pathway mutants; complementation restored D-alanylated LTA (Fig. 2C ). These studies establish that each gene in the dlt operon is required for LTA D-alanylation. A pathway reconstitution would thus require all four components.
Kinetics of DltA-catalyzed DltC D-alanylation
DltA orthologs from Lactococcus casei and B. subtilis were previously studied using a pyrophosphate exchange assay (38, 63) . Here, we used a continuous, coupled-enzyme assay to monitor transfer of D-alanine to DltC by DltA. Loading of D-alanine onto DltC consumes ATP, which is regenerated at the expense of NADH, allowing for a convenient UV readout. We heterologously expressed and purified S. aureus DltA and DltC from Escherichia coli for in vitro assays. DltC expressed in E. coli was ϳ50% post-translationally modified with 4Ј-phosphopantetheine based on conformationally sensitive native PAGE ( Fig. S4 ). To fully form holoDltC, E. coli 4Ј-phosphopantetheinyltransferase, AcpS, was cloned, purified, and used to load phosphopantetheine onto apoDltC ( Fig. S5 ; holoDltC is referred to below as DltC). ATP consumption depended on DltC, and no reaction was observed in the absence of DltC. Plots of the initial velocities against DltC concentration from triplicate assays were each fit to the Michaelis-Menten equation (all data plotted together in Fig. 3A ), and kinetic constants were calculated (error reported as standard deviation): k cat of 2.45 Ϯ 0.09 s Ϫ1 , K m or 4 Ϯ 1 M, and k cat /K m of 6 Ϯ 1 ϫ 10 5 M Ϫ1 s Ϫ1 . We confirmed that activity in the ATPase assay correlated with DltC D-alanylation by performing a time-course experiment with D-[ 14 C]alanine at saturating DltC and analyzed it by SDS-PAGE ( Fig. 3A, inset) .
D-Alanine is transferred to LTA in vesicles containing DltB and DltD, but ongoing LTA synthesis is not required
Neuhaus and co-worker (38) previously demonstrated that radiolabeled D-alanine could be transferred from DltC to L. casei membranes, suggesting the formation of D-alanylated lipoteichoic acid. With D-[ 14 C]Ala-DltC in hand, we set out to build on that work and develop a partial reconstitution of the S. aureus DLT pathway. Vesicles from WT, dltB-null, and dltDnull strains were prepared by homogenization of fractionated membranes, and the formation of D-alanylated LTA was analyzed under different reaction conditions. We found that the reaction depended on D-Ala-DltC formation and occurred only in vesicles prepared from WT membranes, whereas membranes derived from ⌬dltB, ⌬dltD, or ⌬ltaS (64) strains did not produce the same species ( Fig. 3B and Fig. S6A ). LTA D-alanylation was complemented in vesicles prepared from deletion mutants expressing a plasmid-borne dlt operon ( Fig. S6A ). These results demonstrate that D-[ 14 C]Ala-DltC produced from recombinant protein can be transferred to LTA provided both DltB and DltD are present.
We next sought to test whether the LTA synthase, LtaS, was directly involved in LTA D-alanylation. Because LtaS uses phosphatidylglycerol to construct the LTA polymer, it is plausible that LTA could utilize a phosphatidylglycerol molecule that has been modified with D-alanine. To address this, the presence of full-length LtaS in DLT-active vesicles was tested by Western blotting. Gründling and co-workers (65) have shown that S. aureus LtaS is cleaved in vivo by the type I signal protease, SpsB, but an S218P substitution in LtaS prohibits this cleavage. Here, Western blot analysis of vesicles prepared from S. aureus expressing C-terminally myc-tagged LtaS from a plasmid failed The synthetic lethal interaction between the DLT pathway and WTA biosynthesis pathway allows for dlt selection. Our laboratory previously reported that the natural product, tunicamycin, is a potent inhibitor of TarO in WTA biosynthesis. A illustrates how either TarO inhibition or genetic DLT inactivation alone do not hinder growth, whereas tunicamycin treatment of a dlt-null mutant inhibits bacterial growth. WT S. aureus and null mutants of individual dlt genes were transformed with either plasmid-encoded dltABCD or empty vector. In B, growth on 0.4 g/ml tunicamycin was used as a readout of DLT activity. The growth dependence of each null mutant on a plasmid-borne copy of the dlt operon demonstrates the essentiality of their respective dlt gene for teichoic acid D-alanylation. To directly detect changes in LTA D-alanylation, the same strains were fed D-[ 14 C]alanine before SDS extraction, SDS-PAGE, and autoradiography as described under "In vivo LTA D-alanylation assay." C shows the level of D-Ala-LTA produced in each mutant with or without complementation. D-Ala-LTA migrates as a smear between 20 and 25 kDa as compared with protein ladder.
to detect any protein. However, the same strain expressing a plasmid-encoded S218P mutant of C-terminally myc-tagged LtaS showed signal for the full-length myc-tagged LtaS protein in separate vesicle preparations ( Fig. S7 ). SpsB cleavage of WT LtaS appeared to be complete during the vesicle preparation to the detection limits of Western blotting. Because the active site of LtaS requires the C-terminal soluble domain for activity, this result suggests that no active LtaS was present in the vesicles and that the D-Ala-LTA stems from the DLT enzymes in the assay.
A rough kinetic analysis of the partially reconstituted DLT pathway was performed to test whether the in vitro rate was consistent with the expected rate for the pathway in growing S. aureus. First, the dependence of product formation on the concentration of preformed D-[ 14 C]Ala-DltC was determined. By fitting the D-[ 14 C]Ala-LTA intensities from densitometry to a rectangular hyperbola, 32 M D-[ 14 C]Ala-DltC was calculated to yield half-maximal product formation in vitro (Fig. S8 ). This saturation behavior was not seen in previous work, but at ϳ3 M, the highest D-[ 14 C]Ala-DltC concentration used would likely be in the linear range (38) . Then, the rate of in vitro LTA D-alanylation was estimated from a time course at 67 M D-[ 14 C]Ala-DltC. By fitting intensities of D-[ 14 C]Ala-LTA formation to a rectangular hyperbola and calculating the maximal product formation at infinite time, the rate of D-[ 14 C]Ala-LTA formation showed a half-life of ϳ50 min (Fig. S9 ). This rate is reasonably close to the 40-min doubling time of S. aureus at 30°C. Whether 32 M DltC is similar to the intracellular concentration of DltC is unknown. However, the similarity in the rate of the reconstituted pathway to the rate necessary for vegetative S. aureus growth suggested that the in vitro pathway was a reasonable model for the in vivo pathway.
Activity of purified, full-length DltD can be reconstituted in vesicles
We next tested whether we could reconstitute DltD's LTA D-alanylation activity by reincorporating heterologously expressed and purified DltD into vesicles of S. aureus membranes. DltD solubilized in 0.05% n-dodecyl ␤-D-maltoside (DDM) was mixed with membranes from the ⌬dltD mutant. For the DLT pathway model to be correct ( Fig. 1 ), DltD and D-[ 14 C]Ala-DltC would need to be on opposite sides of the vesicles to affect LTA D-alanylation. However, the inclusion of DDM (Ն0.3 mM) from the DltD preparation is thought to allow the spontaneous incorporation of membrane proteins into both sides of vesicles (66) . Here, the reconstituted DltD acted in the pathway after integration into the vesicle membranes because the DltD activity was retained in the vesicles after ultracentrifugation ( Fig. S6B ). LTA D-alanylation was produced from in vitro synthesized D-[ 14 C]Ala-DltC because D-[ 14 C]Ala-LTA formation depended on the addition of pure ATP, DltA, and DltC. Furthermore, substitution of WT DltD for an inactivated S70A mutant (see below) in the reconstitution assay failed to produce D-Ala-LTA (Fig. 3C, lane 5) . Additionally, two separate tests of the essentiality of DltB for LTA D-alanylation in DltDreconstituted membranes were performed. D-[ 14 C]Ala-LTA was not produced when the DltB inhibitor amsacrine (33) was added to the DltD-reconstituted membranes. Also, no LTA D-alanylation was observed when DltD was reconstituted into vesicles prepared from membranes of the dltB-null mutant (Fig. S10) . Thus, these data support the essentiality of both DltB and DltD for LTA D-alanylation in vitro. 
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DltD uses a catalytic dyad to catalyze D-alanyl O-acyl transfer
To further investigate the role of DltD in D-alanylation of LTA, we used a combination of bioinformatics and biochemistry to determine the importance of an apparent catalytic residue network in the DltD active site. DltD is a membrane protein with a single transmembrane helix predicted from residues 7 to 27 (Fig. S11 ). Little homology could be found from BLAST searches of DltD in public databases. However, comparison of the unpublished crystal structure of the DltD ortholog from S. pneumoniae (Protein Data Bank (PDB) code 3BMA) to all other structures in the Protein Data Bank using the DALI server (67) (http://ekhidna.biocenter.helsinki.fi/dali_server) 4 reveals structural similarity to a wide range of flavodoxin-like (three-layered ␣␤␣ sandwich-like) fold proteins, including many members of the SGNH-like family (IPR013830). Fig. 4 shows a homology model of S. aureus DltD calculated using Phyre 2 (68) (http://www.sbg.bio.ic.ac.uk/phyre2/html), 4 which used PDB code 3BMA as a template; the two proteins share 20% sequence identity and 65% sequence similarity. Besides the SGNH hydrolases, DltD shows structural similarity to other SGNH-like proteins, including the known or predicted transferases AlgJ, AlgX, WssI, and PatB and the C-terminal domain of OatA (Fig. S12 ). In addition to sharing the ␣␤␣ sandwich-like fold, these hydrolases and transferases each contain common active-site features, including a catalytic triad and an oxyanion hole. In S. aureus DltD, Ser-70, His-361, and Asp-358 comprise an apparent catalytic triad, and Gly-100 defines the oxyanion hole (Fig. 4B ). The catalytic triad is a common motif in well-studied hydrolytic enzymes; the His and Asp residues work in tandem to activate a serine side chain for attack on a carbonyl (Scheme 1), and the oxyanion formed in the tetrahedral intermediate is stabilized by hydrogen bonds to the backbone amides of the serine nucleophile and a neighboring glycine. This half-reaction is shared with enzymes that use a catalytic triad to effect transfer reactions (69) . For transferases, however, the next step involves attack of an organic acyl acceptor rather than water (Scheme 1).
Direct assays of DltD activity were hindered by a lack of knowledge of the D-alanyl acyl-donor substrate. We were unable to detect accumulation of radiolabeled lipids from methanol-chloroform extracts of D-[ 14 C]alanine-fed S. aureus WT, ⌬dltD, ⌬ltaS, or ⌬dltD⌬ltaS cells (data not shown). In lieu of the native substrate, activity of DltD against the model hydrolase substrates p-nitrophenyl acetate, p-nitrophenyl butyrate, and p-nitrophenyl L-alanine was tested. However, none of these activated esters resulted in detectable DltD-dependent release of p-nitrophenol (data not shown). Therefore, LTA D-alanylation was used as a readout of DltD activity in the context of the full DLT pathway.
Our tunicamycin cell-based assay allowed testing of activity in site-directed mutants of the putative Dlt protein active sites ( Fig. 5 and Fig. S13 ). Individual alanine-substitution mutants of the apparent catalytic triad residues showed that S70A and H361A DltD mutations exhibited the same inability to grow as observed for an empty vector in the dltD-null mutant when grown on tunicamycin (Fig. 5A ). However, the D358A mutant showed an intermediate level of activity ( Fig. 5A ). Fig. 5B shows that protein expression levels of each of the mutants was consistent with WT. These findings are not unprecedented. An Asp-to-Ala mutant in E. coli thioesterase I (TAP), a homolog of DltD, retained 40% of WT activity, whereas the Ser and His mutants showed less than 1% (70) . Furthermore, some SGNH 
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hydrolase-like proteins are known to function with only a Ser-His dyad (71) . Hence, although the active site of DltD contains an apparent catalytic triad, only the Ser-His dyad is essential for function.
The S70A mutant (see above) as well as D358A and H361A was purified for in vitro LTA D-alanylation assays in reconstituted vesicles. Fig. 5C shows results of assays with vesicles containing each of these mutant proteins (lanes 2-4) compared with WT DltD protein (lane 5) and blank vesicles (no DltD treatment; lane 1). S70A and H361A showed no activity in the form of D-[ 14 C]Ala-LTA production, but again, D358A showed an intermediate level of activity.
Lastly, cysteine substitutions at dispensable residues in the DltD active site were constructed to test whether an active DltD mutant can be chemically inactivated. MTSES has been used as a way to quickly inactivate otherwise active cysteine-substituted mutant enzymes (72). Here, this chemical switch of activity was used to test whether mutations to the active-site pocket inactivate DltD through gross structural changes such as denaturation or via controlled changes to specific side chains. Many SGNH-like proteins contain an active-site asparagine juxtaposed across from the Ser-70 of the catalytic triad, i.e. the "N" of SGNH, but in DltD that asparagine is missing, and Gln-129 and Trp-130 lie roughly in its place (Fig. 4B ). Gln-129 and Trp-130 were individually mutated to cysteine, and these mutants were found to have WT activity via tunicamycin growth complementation ( Fig. S14 ) and the in vitro reconstitution assay (Fig. 5D,  lanes 3 and 5) . However, in vitro LTA D-alanylation assays in the presence of MTSES yielded a complete loss of activity in membrane vesicles with reconstituted W130C but not in WT or Q129C DltD-containing vesicles (Fig. 5D ). Therefore, DltD function in the LTA D-alanylation can be chemically inhibited by targeting its active site.
Discussion
Although the dlt operon was implicated in D-alanylation of teichoic acids over 25 years ago, and the essentiality of several components of the dlt operon has previously been experimentally confirmed (12, 38, 39) , the requirement of each Dlt protein for LTA D-alanylation has not been shown previously. This work is the first to demonstrate the essentiality of each of the four conserved proteins in the dlt operon for LTA D-alanylation using biochemistry.
The mechanism for teichoic acid D-alanylation by the DLT pathway is largely unknown. The role of DltA in the esterification of D-alanine onto DltC has been demonstrated with genetics or in vitro activity for homologs from many organisms, e.g. L. casei (37, 38, 44) , B. subtilis (39, 63) , Lactobacillus rhamnosus (45, 58) , S. aureus (12) , Streptococcus mutans (15, 24, 73) , Streptococcus gordonii (29) , S. pneumoniae (5) , and Bacillus cereus (40) . Although studies in many of these organisms clearly link DltC to the DLT pathway, the fate of D-Ala-DltC is not clear. Similarly, DltD in L. rhamnosus was shown to be essential for the DLT pathway using genetics (22, 58) , but the hypothesis that DltD transfers D-alanine to LTA is untested. The in vitro activities reported for DltD from L. rhamnosus involving proofreading and activation of DltA (58) are likely artifacts given the more recent report that DltD faces outside the cell (36) . Genetic work on dltB in S. mutans (24) , dltD in Clostridium difficile (74) , and both dltB and dltD in B. subtilis (39, 75) and S. aureus (12) link these genes to the DLT pathway. However, the possibility of polar effects in these mutant strains calls into question the causality of each gene's mutation to the phenotypes measured. For these reasons, the entire DLT pathway following formation of D-Ala-DltC by DltA remains unknown, and a biochemical approach is needed.
Biochemical experiments aimed at testing the roles of each of the DLT proteins are difficult for several reasons. First, the last two proteins in the pathway are embedded in the plasma membrane. Second, analyzing large D-alanylated polymers poses challenges absent for reactions that produce small, nonpolymeric products. Finally, D-Ala-intermediates may form in the pathway but have not been identified. To overcome these The tag showed no effect on DltD function (Fig. S15) . Then, the mutant DltD enzymes were expressed in E. coli, purified, and reconstituted into vesicles made from S. aureus dltD-null membranes. C shows the result of in vitro LTA D-alanylation assay of these reconstituted DltD vesicles using D-[ 14 C]Ala-DltC. Here, "Ϫ" refers to vesicles without DltD reincorporation. Lastly, in panel D, the Q129C and W130C were each tested for their ability to support LTA D-alanylation in vitro with or without the presence of thiol-reactive MTSES. Purified DltD WT and mutants were reconstituted into vesicles of membranes from the S. aureus dltD-null mutant. The reconstituted vesicles were pretreated with 5 mM MTSES where indicated with a "ϩ." The inactive S70A mutant-reconstituted vesicles as well as vesicles with no DltD added were run in the first two lanes for comparison.
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obstacles, we utilized the full DLT pathway using D-[ 14 C]alanylation of LTA in vivo and in vitro to detect activity of individual components. This work focused on LTA rather than WTA D-alanylation because it is clear from previous studies that D-alanine is added to LTA before WTA (35, 36) . Genetic and wholecell labeling experiments with null mutants of each of the four individual dlt genes demonstrated that each was essential for LTA D-alanylation in vivo. A partial reconstitution in which DltA, DltC, and DltD are added to vesicles containing DltB and preformed LTA provides a more controlled analysis platform. By omitting components and using vesicles prepared from dltB-and ltaS-null strains, we confirmed that all four DLT components and LTA, but not LtaS itself, are required for LTA D-alanylation. The results here are the first to show that DltD acts directly in LTA D-alanylation.
We used our in vivo and in vitro assays to probe whether DltD is an enzyme as suggested by the presence of an apparent catalytic triad and homology to some characterized enzymes. We identified Ser-70 and His-361 as essential for D-alanylation activity and further showed that chemical modification of a proximal active-site residue, W130C, in an otherwise active protein abolishes D-alanylation. The essentiality of this apparent active site to the role of DltD in LTA D-alanylation, together with the requirement for an O-acyltransferase in the DLT pathway, suggests that DltD acts enzymatically to transfer D-alanine ester to LTA.
A well-known example of acyl transfer using a catalytic serine is malonyl-ACP transacetylase (FabD), an enzyme involved in fatty acid biosynthesis (76) . FabD accepts malonate from a malonyl-CoA donor and transfers it to ACP. Malonate is loaded on an active-site serine, a transfer reaction facilitated by a histidine in the active site (77) . This enzyme-bound acyl intermediate is then attacked by the sulfhydryl group of holo-ACP, regenerating FabD. We propose that the DltD-catalyzed reaction is analogous to this general mechanism in which a D-Ala-DltD acyl intermediate is formed followed by nucleophilic attack by the 2-hydroxyl group of a glycerol from LTA on this acyl-enzyme intermediate to regenerate the enzyme and produce D-Ala-LTA (Scheme 1).
The D-Ala-ester donor that presumably loads Ser-70 with D-alanine is still unknown (4) . Currently, there are two hypotheses concerning the loading of D-Ala onto DltD. One hypothesis is that undecaprenyl phosphate is used as the carrier lipid to form a D-Ala-phosphoester (36, 38, 39) ; however, acyl transfer to form a D-Ala-phosphoester from a D-Ala-thioester is thermodynamically unfavorable. Alternatively, DltB could use one of the more abundant phospholipids in S. aureus membranes, such as phosphatidylglycerol (78) , to form a D-Ala-ester-linked lipid intermediate that could then be used as a substrate by DltD. The plausibility of a D-Ala-lipid species in the DLT pathway is supported by analysis of DltB homologs from the MBOAT family, which directly acylate membrane components such as cholesterol (acyl-CoA:cholesterol acyltransferase) (79), triglycerides (diglyceride acyltransferase) (51) , and phosphatidylinositol (MBOAT7) (80) . Previously, Atila and Luo detected D-Ala-phosphatidylglycerol from B. subtilis, but they lacked a specific test for the species' dependence on the dlt operon (57) . Attempts in this work to observe D-Ala-phosphatidylglycerol in S. aureus failed, but this negative result does not establish the absence of such a species in S. aureus.
A second hypothesis is that D-Ala is directly transferred from the phosphopantetheine arm of DltC onto DltD. This would require the active site of DltD, which contains the serine nucleophile, to access the active site of DltB where this thioester would be presented. The DltB active site is formed by a set of conserved residues on predicted transmembrane helices that are embedded in the membrane. DltB would facilitate transfer via conserved histidine residues, and DltD would then transfer D-Ala onto LTA. Our cell-based assay for tunicamycin growth complementation confirmed the necessity of the conserved MBOAT residues His-294 and His-341 to DltB function, implying that DltB follows a similar enzymatic mechanism as other MBOATs for acyl transfer (Fig. S13) . Several MBOAT proteins require a DltD homolog for acyl transfer to various extracellular polymers, including PatAB (peptidoglycan), WssHI (cellulose), and AlgIJ (alginate) (69) . The evolutionary link between DltB and DltD homologs for acylation of extracellular polymers is consistent with our proposal that DltD acts directly in LTA acylation but does not clarify whether DltD is acylated by a lipid intermediate or the DltC-bound thioester. Further work is required to resolve this issue, and the reconstitution described here may help answer this question.
Experimental procedures
Materials
Ampicillin, chloramphenicol, kanamycin, neomycin, erythromycin, tunicamycin, anhydrotetracycline, isopropyl thiogalactoside (IPTG), lysostaphin, D-[1-14 C]alanine (American Radiolabeled Chemicals, 0341A), ␤-nicotinamide adenine dinucleotide (NADH; Sigma-Aldrich, 43420), phosphoenolpyruvate (Sigma-Aldrich, P0564), adenylate kinase (Sigma-Aldrich, M3003), pyruvate kinase (Sigma-Aldrich, P9136), and lactate dehydrogenase (Sigma-Aldrich, 59747) were obtained from the indicated sources. All reagents were purchased at the highest quality available.
S. aureus gene deletion
The ORFs for dltA and dltD were previously deleted from S. aureus strain Newman (60) . The procedure for allelic replacement of dltD with a kanamycin resistance cassette was repeated for dltB and dltC (60, 81) .
Cloning and site-directed mutagenesis
dltA, dltC, and dltD were each cloned from S. aureus RN4220 into an E. coli expression plasmid, pET15b. The primary structures of these gene products are identical across lab strains, e.g. RN4220 and HG003, and methicillin-resistant S. aureus strains common in the United States, e.g. MW2 and USA300. DltA and DltD were amplified using primers PMW56-PMW57 and PMW60-PMW61, respectively (see Table S1 for primer sequences). The PCR products were cloned into pET15b-NdeI/ BamHI (NdeI-and BamHI-digested pET15b) via a TaKaRa Infusion kit (catalog number 638917). An N-terminally truncated form of DltD, DltDtrunc, lacking the first 27 residues of the protein that contain the transmembrane helix was also
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cloned into pET15b-NdeI/BamHI via the InFusion kit using primers PMW62-PMW61. DltC was cloned via T4 DNA ligation into pET15b-NheI/BamHI following amplification with primers PMW14-PMW8 and similar digestion. Lastly, the E. coli acpS gene for holo-[acyl-carrier-protein] synthase from E. coli BL21(DE3) was also cloned via the InFusion kit into pET15b-NdeI/BamHI using primers PMW63-PMW64.
For expression in S. aureus, the dltABCD operon was cloned using primers SM61-SM64 and SM148-SM149, respectively, into both pLOW-SalI/BamHI and pTP63-KpnI/BlpI via T4 DNA ligation. dltD was also cloned individually into pTP63-KpnI/BlpI with primers PMW181-SM149. Using the InFusion kit, ltaS was cloned into pTP63-KpnI/BlpI with either an N-terminal myc tag (primers PMW214, -215, and -216) or a C-terminal myc tag (primers PMW217, -218, and -219). The construction required three primers and two PCRs because of the length of the myc tag and ribosome-binding site being added.
Insertion of a myc tag at the N terminus of dltD in pTP63-DLT was achieved by overlap extension PCR (82) . The dlt-ABCD operon was amplified in two halves from pTP63-DLT using primers SM148-PMW143 and PMW142-SM149 in two separate reactions. These two PCR products, which anneal at the myc tag following the dltC gene and at the 5Ј-end of the dltD gene, were used in a megaprimer PCR with primers SM148-SM149 to produce the full DLT(myc-dltD). This final PCR product was cloned back into pTP63-KpnI/BlpI via T4 DNA ligase. Fusing dltD with a C-terminal myc tag in the pTP63-DLT plasmid only required amplification with SM148-PMW144 and religation with pTP63-KpnI/BlpI via T4 DNA ligase.
Site-directed mutagenesis was carried out in dltB, dltD, and ltaS via overlap extension PCR (82) . In short, point mutations were created by amplifying individual genes (pET15b-dltD and pTP63-ltaS-myc) or the entire dltABCD operon (pTP63-DLT-(DltBmyc) and pTP63-DLT(mycDltD)) in two halves in separate PCRs where the two PCR products anneal at the site to be changed in a subsequent megaprimer PCR reaction as described above. Primers for each mutation were the same regardless of the destined plasmid and can be found in Table S1 . For heterologous expression and purification, the following DltD mutants were created in pET15b-dltD: S70A, E71A, E71N, E71Q, Q129A, Q129C, W130A, W130C, D358A, and H361A. For expression in S. aureus, the following mutations were made in pTP63-DLT(myc-DltD): S70A, S70V, S70C, E71A, E71N, E71Q, Q129A, Q129C, W130A, W130C, D358A, D358C, and H361A. Also, for expression in S. aureus, the following mutations were made in pTP63-DLT(DltB-myc): H294A, H294N, and H341A. Lastly, for expression in S. aureus, the S218P mutation was created in the plasmid pTP63-ltaS-myc.
Protein purification
The pET15b clones were transformed into E. coli BL21(DE3) for protein expression. For protein expression, each strain was grown in 4 liters of Luria-Bertani broth with 100 g/ml ampicillin for 40 h at 20°C with 0.5 mM IPTG added after 16 h for induction. For the purification of DltA, DltC, and AcpS, harvested cells were stored at Ϫ80°C before thawing and resuspending on ice in binding buffer (0.5 M NaCl, 20 mM Tris, pH 7.9, and 5 mM imidazole) with 5 mg of DNase added and lysing on an Avestin EmulsiFlex-C5. Insoluble cell debris was cleared twice at 10,000 ϫ g for 30 min, and the supernatant was loaded onto a 5-ml Ni-Sepharose gravity column pre-equilibrated with binding buffer at 4°C. The loaded column was washed with 10 ml of binding buffer with 60 mM imidazole before a stepwise gradient of imidazole (60, 100, 150, 200, 250 , 300, 500, and 1000 mM), each in 3 ml of binding buffer, was run on the column. The fractions containing the desired protein were identified by SDS-PAGE and pooled before loading onto a Superdex 200 column. Protein was eluted from the Superdex 200 column using an isocratic elution via FPLC of 150 mM NaCl and 20 mM Tris, pH 7.9. Each protein was then dialyzed into a unique storage buffer before concentrating on an Amicon centrifugal filter and flash freezing in liquid nitrogen. The storage buffer was 5 mM NaCl and 20 mM Tris, pH 7.8, for DltA, and AcpS received the same with the addition of 10% glycerol. DltD is a single-pass membrane protein, so the protein purification was altered from above. After protein expression in BL21(DE3) and crude lysate preparation as described above, the supernatant was cleared of cell debris at 5,000 ϫ g for 10 min twice before ultracentrifugation at 100,000 ϫ g for 30 min. The final pellet was transferred to a Dounce homogenizer and homogenized with binding buffer containing 1% Triton X-100. The homogenate was then ultracentrifuged at 100,000 ϫ g for an additional 30 min. The remaining steps of the purification were the same as for DltA and AcpS except that 0.05% DDM was included in all of the buffers.
Tunicamycin complementation assay
S. aureus strain Newman and dlt-null mutants derived from Newman were each transformed with pLOW-DLT or empty vector. These strains were each grown in tryptic soy broth (TSB) with appropriate antibiotic overnight before normalization by A 600 and serial dilution. Each dilution was spot-plated onto TSB agar plates containing 5 g/ml erythromycin and 1 mM IPTG with or without 0.4 g/ml tunicamycin. The plates were incubated at 30°C for 24 h before imaging. For complementation of the dltD-null mutant with site-directed mutants of DltD, the pTP63-DLT(myc-dltD) plasmid was used, and sitedirected mutants were derived from that plasmid. Again, Newman WT and the Newman dltD-null mutant carrying either
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empty vector or pTP63-DLT(myc-dltD) with WT or mutant copies of dltD were grown overnight in TSB with 10 g/ml chloramphenicol (Cm). These strains were each normalized by A 600 and serially diluted into TSB. Each serial dilution was spotplated onto each of four TSB-agar plates: (a) 10 g/ml Cm, (b) 0.4 M anhydrotetracycline ϩ 10 g/ml Cm, (c) 0.4 g/ml tunicamycin ϩ 10 g/ml Cm, and (d) 0.4 M anhydrotetracycline ϩ 0.4 g/ml tunicamycin ϩ 10 g/ml Cm. All of the plates were incubated at 30°C for 24 h before imaging.
In vivo LTA D-alanylation assay
Feeding experiments and SDS-PAGE analysis of LTA derived from radiolabeled cells were carried out as previously described with a few exceptions (33) . S. aureus strain Newman and dlt-null mutants derived from Newman were grown to mid-log phase (A 600 ϳ0.6) in TSB with appropriate antibiotics at 30°C. The cells were normalized to 1 ml of culture at an A 600 equal to 0.6, and the resulting cells pellets were resuspended in 100 l of diluted TSB (4-fold) at pH 6 (via HCl) with 10 mM glucose and 200 g/ml D-cycloserine. The cell suspensions were incubated at 30°C for 30 min before addition of 1 l of 1.43 nCi/l D-[ 14 C]alanine and incubation at 30°C for an additional 30 min. The cells were then pelleted and stored at Ϫ20°C after removal of the supernatant. The pellets were then resuspended in 30 l of SDS loading dye, boiled for 5 min, and pelleted for 2 min at 20,000 ϫ g, and 20 l were separated by 4 -20% Tris/glycine SDS-PAGE. The resulting gel was dried and imaged by autoradiography using a phosphor screen and Typhoon FLA9500 imager.
In vitro DltC D-alanylation assay
The DltA-catalyzed ATP-hydrolysis reaction was monitored continuously in vitro via NADH turnover at 340 nm (⑀ 340,NADH 6220 M Ϫ1 cm Ϫ1 ) using a coupled-enzyme assay (83) and a Cary 300 UV/visible spectrophotometer. The components of the assay included:147 nM DltA with 5 mM D-alanine, 12 mM NADH, 30 mM phosphoenolpyruvate, 0.5 mM DTT, 10 mM MgCl 2 , 50 mM NaCl, and 30 mM bis-Tris, pH 6.6, with coupling enzymes (0.03 unit/l adenylate kinase, 0.02 unit/l pyruvate kinase, and 0.06 unit/l lactate dehydrogenase). The concentration of holoDltC was varied from 1.5 to 100 M. The assays were first set up without DltA or ATP, and upon addition of ATP, the consumption of contaminating ADP and AMP was observed to completion (Ͻ1 min) before initiating the reaction with DltA. The dependence of the reaction rate on DltA and not the coupling enzymes was verified by ensuring that the rate was linear with DltA concentration and that the rate was not affected by 2-fold changes in coupling enzyme concentration. Curve fitting of the initial velocities with varying holoDltC concentration to the Michaelis-Menten equation was performed using the program SigmaPlot. Error was determined by standard deviation from calculated rate constants from the three independent sets of assays. The protocol for radiolabeling DltC can be found under "In vitro LTA D-alanylation assay."
In vitro LTA D-alanylation assay
To supply the membrane-bound components of the DLT pathway, vesicles were prepared by homogenization of S. aureus membranes. Membranes were routinely prepared by fractionating S. aureus lysate from 1 liter of culture grown to mid-log phase (A 600 of about 0.6) in TSB medium with appropriate antibiotic. In short, cell pellets from these cultures were stored at Ϫ80°C for at least a day before thawing on ice and resuspension in 20 ml of digestion buffer (0.5 M sucrose, 10 mM MgCl 2 , and 100 mM Tris, pH 7.0). Aliquots of 100 l of 10 mg/ml lysostaphin and 100 l of 10 mg/ml lysozyme each were added, and the peptidoglycan digestion reaction was incubated at 37°C for 2 h before pelleting the sucrose-stabilized protoplasts at 5000 ϫ g for 10 min. The pellets were resuspended in 20 ml of lysis buffer (10 mM MgCl 2 , 0.2 mg/ml DNase, and 100 mM Tris, pH 7.8). Lysis of the cells began with addition of the hypotonic medium, but the suspension was passed through an Avestin Emulsi-Flex C5 for 4 min to ensure thorough lysis. Cell debris was pelleted at 5000 ϫ g before the supernatant was ultracentrifuged at 100,000 ϫ g for 30 min. The pellet was resuspended in membranes buffer (50 mM NaCl, 20% glycerol, and 30 mM bis-Tris, pH 6.6) using a Dounce homogenizer, and the resulting vesicle suspension was flash frozen as ϳ25-l pellets in liquid nitrogen. The vesicles were stored at Ϫ80°C. The concentration of the vesicles was approximated via a bicinchoninic acid (BCA) total protein assay (Thermo Fisher, 23225) using a BSA standard curve.
For in vitro LTA labeling assays, vesicles corresponding to 30 g of total membrane protein were routinely used. The vesicles were thawed on ice and added to an altered DltC labeling reaction (200 M ATP, 5.3 M DltA, 10 M holoDltC, 5 mM tris(2carboxyethyl)phosphine, 91 M (55 mCi/mmol) D-[ 14 C]alanine, 10.2 mM MgCl 2 , 50 mM NaCl, and 30 mM bis-Tris, pH 6.6). The final volume for these reactions was 20 l. This mixture was incubated at 30°C for 30 min before addition of SDS loading dye and immediate 4 -20% SDS-PAGE. The gel was dried under vacuum and exposed to a phosphor storage screen. The screen was imaged on the Typhoon imager after ϳ65 h of exposure. Kinetic experiments with varying holoDltC concentration and time were also conducted. For these reactions, the DltC D-alanylation reaction was carried out to completion by setting up the above reaction with a higher concentration of D-alanine (0.5 mM; 8.9 mCi/mmol [ 14 C]alanine) in the absence of vesicles and incubating at 30°C for 15 min. The holoDltC concentrations used were 0, 8.3, 17, 33, 67, and 130 M holoDltC. Then, 5 mM MTSES was added, and the reaction was incubated at room temperature for 3 min to inactivate DltA. Finally, the vesicles were added, and the above procedure was followed for incubation, SDS-PAGE, and autoradiography. For the time-course experiment, the same procedure was followed as for varying holoDltC concentration except that the DltC labeling at 70 M holoDltC and subsequent DltA inactivation reaction were prepared in a single, scaled-up reaction, which was then aliquoted for addition of membranes. Besides a zero time point, the replicate reactions were removed from 30°C after 5-, 15-, 30-, 45-, and 60-min incubation, and the reaction was quenched by addition of room temperature SDS loading dye, mixing, and then incubation on ice until all reactions could be separated by SDS-PAGE for autoradiography.
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DltD-reconstitution LTA D-alanylation
Purified, full-length WT and site-directed mutants of DltD as well as vesicles from membranes of the S. aureus dltD-null mutant were prepared as described above. The in vitro LTA D-alanylation reaction described in the previous section was altered only to include a premixing, "reconstitution reaction" for the vesicles in which DltD protein in DltD storage buffer was pipetted several times with the vesicles and allowed to incubate at 30°C for 5 min before aliquoting into assays. Vesicles corresponding to 36 g of total membrane protein before addition of DltD were used, and 8 M DltD was added to these in the 6-ltotal volume reconstitution reaction. After incubation, the DltD-reconstituted vesicles were added to 14 l of D-[ 14 C]Ala-DltC charging reaction and treated as described above for in vitro LTA D-alanylation. 
